ABSTRACT DNA sequences capable of forming G-quadruplex (G4) structures can be predicted and mapped in plant genomes using computerized pattern search programs. Non-telomeric G4 motifs have recently been found to number in the thousands across many plant species and enriched around gene promoters, prompting speculation that they may represent a newly uncovered and ubiquitous family of cis-acting elements. Comparative analysis shows that monocots exhibit five to ten times higher G4 motif density than eudicots, but the significance of this difference has not been determined. The vast scale and complexity of G4 functions, actual or theoretical, are reviewed in relation to the multiple modes of action and myriad genetic functions for which G4s have been implicated in DNA and RNA. Future experimental strategies and opportunities include identifying plant G4-interactomes, resolving the structures of G4s with and without their binding partners, and defining molecular mechanisms through reporter gene, genetic, or genome editing approaches. Given the global importance of plants for food, clothing, medicine, and energy, together with the potential role of G4 motifs as a widely conserved set of DNA sequences that could coordinate gene regulation, future plant G4 research holds great potential for use in plant improvement strategies.
Introduction
Genetic cis-regulatory elements control gene expression. These elements exist in DNA and RNA in a variety of structural forms. Among these, the non-B-form DNA structures have fascinated biologists for decades (reviewed in [1] ), classified into categories such as Z-DNA, hairpin and cruciform DNA, slip-stranded DNA, triplex DNA, and Gquadruplex (G4) DNA. Here we review the relatively young field of plant G4 research. The G-quadruplex is a 4-stranded nucleic acid structure formed by G-G Hoogsteen base pair stacking in the presence of monovalent cations (such as potassium or sodium) as diagrammed in Fig. 1 . The common and defining feature of a G4 structure is the planar stacking of guanine quartets (reviewed in [2, 3] ). The intrinsic properties of guanines to self-assemble and gel into non-random arrangements was first reported by Bang in 1910 [4] . The helical arrangement of stacked planes of guanine quartets was later described by Gellert et al. [5] , providing a structural framework for our modern concept of Gquadruplex structures that form not only in solutions of guanylic acid but also in G-rich polymers of DNA and RNA. There also exists a remarkable amount of structural heterogeneity in both the number of structures a single sequence can form [6] , and the variations in the G4s themselves resulting from strand polarities, and the size and composition of loops and bulges, as shown in part in Fig. 2 (reviewed in [7] ).
G4s were initially recognized as a hallmark of telomere repeat sequences for most eukaryotic species [8, 9] . More recent studies implicate G4s in multiple genetic functions that include gene expression, DNA replication, recombination, and DNA repair [10, 11] . It is now widely accepted that G4s can impact many genetic processes as summarized in Fig. 3 . The genomic distribution of G4 motifs in and around genes has led to research investigating their roles as cis-acting regulatory elements [7, 10, [12] [13] [14] . One of the most active areas of G4 research focuses on the role of mammalian G4s in cell-cycle control and cancer [7, [15] [16] [17] [18] [19] [20] [21] .
In contrast, relatively little is known about G4s in plants, despite the widespread occurrence of these motifs in the genomes of eudicots and monocots [22] [23] [24] [25] . This review summarizes recent studies on plant G4s, including species comparisons of genome-wide surveys, computer programs used to identify motifs, their locations relative to genetic elements, and their potential roles in both DNA and RNA processes. Finally, we discuss future experimental approaches needed to further identify and characterize the functional roles for DNA and RNA G4s in plant species. P l a n t S c i e n c e 2 6 9 ( 2 0 
Genome-wide plant G4 motifs and informatics
Most plant G4 studies begin with a bioinformatic screen of genomic sequence data to find sequence patterns, or motifs, using one or more algorithms [26] [27] [28] . Genome-wide surveys show that G4 DNA sequence motifs with the potential to form G-quadruplexes are pervasive in plant genomes [22] [23] [24] [25] 29, 30] and are notably abundant in monocots, as summarized in Fig. 4 . For direct comparison, using the so-called canonical G4 search pattern (G 3 L 1-7 ), Arabidopsis has only 9 G4 motifs/ Mbp whereas rice has 92 G4 motifs/Mbp, a 10-fold difference. Gene ontology analysis has yet to point to any universally common plant function in conserved G4-containing genes, but the reason for this remains unclear. The assignment of G4-containing genes to multiple different gene ontologies is not limited to plants but is also true for animals and bacteria [31] [32] [33] [34] . In plants, it is possible that G4 elements evolve relatively quickly compared to other sequences, allowing them to be redeployed or acquire new functions in divergent taxa. Alternatively, it is possible that they have a shared function that is not easily recognized by examination of the genes that they reside in.
Numerous conceivable modes of action for all major genetic processes
Among the more intriguing and challenging aspects of G4 research are their vast array of possible roles and biochemical functions (reviewed in [13] ). Indeed, they comprise a diverse collection of functional elements deployed across most if not all species. The "functional roles" for G4s can be described as either (1) genetic processes or (2) modes of action, as partially depicted in the matrix in Table 1 . Notably, for each genetic process, G4s can function in multiple different ways. This may account in part for the complex and expansive body of contemporary literature on G4 biology. Most reviews on G4s focus on the core genetic processes, which in turn can be further subdivided into one of two broad categories: (a) genome maintenance, which includes DNA replication, DNA repair, and recombination and (b) gene regulation, which includes chromatin structure, transcription, splicing, and translation. From a reductionist point of view, however, a focus on the mode of action is appealing in that it may offer a more effective way to disprove alternative hypotheses, leading to a more direct path forward. In either case, it will be important to consider both types of roles when designing experiments and summarizing the literature.
With regard to gene regulation in plants, several studies have focused on the bioinformatic analysis of G4 distribution relative to genetic elements and gene ontology enrichment [22] [23] [24] 29, 30, 35] . Evidence for plant G4s in regulating gene transcription comes from studies on the frequency and location of G4s in and around promoters, start codon regions, and introns. Some genes have multiple G4 motifs, as depicted in Fig. 5 . The most conspicuous and abundant G4 motif hotspot is found in the region overlapping or in close proximity to the transcription start site as seen for arabidopsis, rice, poplar, and grape [23] . In maize (Z. mays), around 3800 genes have G4 motifs located in the antisense 5′ UTR (A5U) and proximal promoter region [25] . In rice (O. japonica), the 5′ UTR was also found to be a G4 hotspot, more so than other regions of the gene [30] . Similarly, G4 motifs are enriched around the promoter from which LTR retrotransposons are transcribed [24] .
G4 elements can also function in gene expression as RNA elements where they may operate by one or more of the modes of actions summarized (Table 1 ). Reviews [36, 37] highlight the difficulties and controversies associated with obtaining evidence for in vivo RNA G4 formation. A recent and elegant study showed that dimethyl sulfate probing assays reveal which G4 motifs are folded in vivo, as inferred from subsequent RT-stop profiling experiments [38] . This approach showed that mammals and yeast have robust RNA G4-unfolding machinery, but that bacteria do not. This may explain why bacterial genomes are depleted for RNA G4 motifs, which appear in genomewide bioinformatic surveys as sense strand motifs. In plants, G4 motifs in transcripts have been observed and characterized bioinformatically [25, 39] , but whether plants have robust animal-like G4 unfolding machinery remains unknown. In Arabidopsis, G4 motifs in RNA have been found to be enriched in enzyme-coding genes, and underrepresented in non-coding RNAs [22] , with folding properties consistent with a regulatory, ion-sensitive switch [40, 41] . Detailed analysis using in-line structural probing together with a reporter gene and other assays showed that a 5′ UTR G4 could act as a translational repressor [35] . Given the importance of RNA in all of biology (Reviewed in [42] ), one can anticipate a future growth in RNA G4 research.
With regard to genome maintenance, there are few studies that specifically address this aspect of plant G4 function, but such roles are Mode of action refers to the potential molecular mechanism by which a G4 might act, noting that these are not necessarily mutually exclusive or a comprehensive list. c "Maybe" entries refer to actions that could occur in principle, but are not documented or well characterized.
likely considering their prevalence in other organisms such as yeast, [43, 44] , worms [45] , and mammals (reviewed in [11] ). Similarly, G4s have been coupled to origins of DNA replication and repair, where they may act as fork stalling factors, structural roadblocks to DNA synthesis, or hotspots for DNA repair and mutation [10, 46] . Indeed, G4s have been shown or speculated to contribute to nearly every genetic process involving DNA metabolism or function.
With regard to modes of action, we list a small but important subset of modalities ( Table 1 ), recognizing that other conceivable modes of action could exist. These include enzymatic and electron transport activities [47] [48] [49] . For the modes listed, the "duplex opening" could also be considered as an "alternate structure" because the nucleic acid can be either a G4 or non-G4, acting as a reversible or conditional structure, with properties of a switch. As an alternative structure or polymerase impediment, the substructure may not matter, whereas, for binding site, the substructure could afford a wide array of different and specific binding sites.
Plant G4 binding proteins: one down, many to go
So far, only one such G4-binding protein has been identified and biochemically characterized [50] . Using a G4-ligand binding screen of maize cDNA expression library, cDNAs encoding nucleoside diphosphate kinase (NDPK) were identified and shown to bind to a biotinylated G4 folded oligonucleotide from the antisense strand of the 5′ UTR of the maize hexokinase4 gene (Hex4-A5U/G4v2-53046) with an apparent K d of 6.8 nM [50] . The enzyme was shown to be active even in the G4-bound state. Interestingly, a human homolog of NDPK, NM32-H2, has also been shown to bind G4 DNA and is implicated as a possible transcription factor for the cMYC and other genes [51, 52] . Not yet described but likely to be encoded in plant genomes are a large number of proteins that interact with G4s [53] to regulate telomere metabolism, transcription, or translation. Specifically, homologs of G4 resolving helicases can be found in plants, but have yet to be directly tested for G4-binding activity.
Charting a path forward in plant G4 research, in search of functional evidence
Despite the impressive amount of information now available on G4 motifs in many species, including plants, there remains a major challenge to consolidating evidence-based working models of G4 functions.
Only recently has a detailed molecular mechanism for G4-dependent gene activation been proposed using mammalian cell reporter gene assays to examine a complex series of steps involving 8-oxo-Guanine and DNA repair enzymes in mammalian cells [54] . Such specificity in the models of G4 action are currently the exception, not the rule. The challenges for understanding G4s are great, owing at least in part to the vast array of different possible modes of actions associated with G4s, which could affect any or all major genetic processes (Table 1) . Going forward, two complementary approaches can be stated in general terms as either descriptive or functional analyses.
G4 descriptive analyses in plants have uncovered tens or hundreds of thousands of G4 motifs with tendencies to be located around promoters, suggestive of regulatory functions. Gene ontology analysis of G4 motifcontaining genes gives some clues about function, but the pathways and categories identified by this approach are broad and highly varied [23] . As more plant genomes are surveyed and analyzed, the comparative power and ability to identify common pathways will increase. Another descriptive approach has focused on the locations of plant G4 motifs relative to gene or transposable element structures [23] [24] [25] 55] . These studies, like those from animals, point to transcriptional regulatory functions, but direct empirical evidence is needed in order to rule out some of the many hypothetical mechanisms [25] .
G4 functional analyses, such as biochemical, molecular, or genetic approaches, are nearly lacking in plants but are needed to advance the field. One important biochemical goal is to define the G4 interactomes of plant species. This could be achieved via ligand-binding screens using select or common G4s to screen through a priori animal homolog candidates [53] or through unbiased biochemical ligand-binding screens using G4s together with plant cDNA expression libraries as done by Kopylov et al. [50] . Once G4-binding proteins have been identified, further analysis of their biochemical, structural, and biophysical properties will provide clues about the molecular workings of G4s. Ultimately, reporter gene approaches offer a reductionist approach that will be key to defining the rules that apply to G4s in relation to the regulation of gene expression. G4 reporter gene assays, along with different mutant controls, offer a promising albeit low throughput strategy to assign in vivo G4 functions. Finally, genetic and genome editing experiments that target the cis-acting G4s themselves or their cognate trans-acting factors can directly test emerging models and hypotheses on the biological roles of plant G4s.
Given the global importance of plant science, plant G4 research represents exciting new directions, with major implications for the Fig. 5 . Examples of multiple G4 motifs in two maize genes, hex4 and hrap2. Examples of G4 motifs in maize genes (A) hex4 and (B) hrap2 illustrate various motif locations: antisense 5′ UTR (DNA only); sense overlapping start codon region (DNA and mRNA); and the antisense 5′ end of the intron (DNA only). Labeled gene structures are transcription start site (TSS), translation start site (AUG), untranslated region (UTR), open reading frame (ORF), and G-quadruplex motifs (G4). Figure reproduced from Fig. 2 in [58] .
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P la n t S c ie n c e 2 6 9 ( 2 0 1 8 ) 1 4 3 -1 4 7 development of novel rules for plant gene regulation, while informing strategies for plant and crop improvement.
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